INTRODUCTION
============

Canal obturation reduces coronal leakage, bacterial contamination, and seals the apex from periapical tissue fluids and entombs the remaining irritants in the canal \[[@B1]\]. However, the available materials and techniques using for obturation cannot create an impervious seal in the canal system and may result in a leak to some extent \[[@B2]\].

Materials for conventional root canal fillings, which are composed of core material, usually gutta-percha, and a sealer, have some limitations. First, gutta-percha acts only as a filler and does not seal the canal. Furthermore, it shrinks when cooled after being heated \[[@B3]\]. Second, traditional sealers generally shrink on the setting and can be washed out in the presence of tissue fluids \[[@B4]\]. Third, since the sealers do not bond to gutta-percha, shrinkage of the gutta-percha and the sealer results in a gap, which may lead to micro-leakages \[[@B5]\]. In order to minimize the shortcomings of the sealer, it should be as thin as possible, which can be difficult because most canals are not simple and round \[[@B6]\].

Recently, calcium silicate sealers including mineral trioxide aggregate (MTA) sealers have been introduced, and they have some advantages. MTA is hydrophilic and can use the natural moisture in the root canal, has a high pH, which can be advantageous in managing inflammation, does not shrink but expands slightly, which can aid in making a tight seal and is insoluble in tissue fluids \[[@B6]\].

In a systematic review, calcium silicate sealer was reported to have similar physicochemical properties compared to other conventional sealers, better biological properties, and a bioactive potential \[[@B7]\]. Endoseal MTA (Maruchi, Wonju, Korea) is one of the recently introduced calcium silicate sealers. A study reported that Endoseal MTA expands significantly compared to other sealers \[[@B8]\]. Even though the slight expansion may contribute to a tight seal, excessive expansion may trigger a crack in the root dentin. Endoseal MTA was recommended for use with the single gutta-percha cone technique since it maximizes convenience, is considered to be less technique-sensitive and may exert less damage to the root canal wall \[[@B9]\].

To evaluate the filling quality, including the tightness of the seal, conventional leakage studies were performed, which have the shortcomings of being time-consuming, hard to standardize, non-reproducible, and an inability to simulate clinical conditions. For a more accurate and 3-dimensional (3D) evaluation, micro-computed tomography (micro-CT) technology with its non-destructive and objective characteristics has been applied \[[@B10]\]. Micro-CT presents the area concentration including empty space in an object. The voids in a canal filling may weaken the filling quality, serve as a hub for microbes, and make tunnels and transport contaminants along the canal \[[@B11]\].

Although the calcium silicate sealers have been reported to have good biological properties, they are used to attain a fluid-proof seal \[[@B12]\], since they are known to expand when setting \[[@B6][@B8][@B12][@B13]\]. However, more studies are needed on the amount of sealer expansion in the root canal and its relationship with the change in void volume percentage. Therefore, the purpose of this study was to evaluate the quality of the root canal filling over time when a calcium silicate sealer was used in the single gutta-percha cone technique. The null hypothesis was that there would be no difference in the void percentage of the canal filling over time when the root canal was filled with the single gutta-percha cone technique with a calcium silicate-based sealer.

MATERIALS AND METHODS
=====================

This study protocol was approved by the Institutional Review Board (IRB) of Kyungpook National University Dental Hospital (IRB No. KNUDH-2019-11-05-00). Twenty-four simulated root canals in clear resin blocks and twenty-four root canals in extracted human teeth were used for this study.

Simulated root canals in the resin blocks of SCS-SP181 (SCS, Foshan, China) have a J-shaped curve and with a mean canal length of 18.0 mm. The palatal roots of the extracted human maxillary first molars were found to have a root curvature of 10˚--20˚ by the Schneider method and an apical canal size comparable to the 20--40 hand K file, without any canal obstruction or any previous history of root canal treatment. The palatal roots were cut at the level of 11.0 mm from the apex with a high-speed diamond bur.

The working length was determined at 0.5 mm from the file length that was seen from the apical foramen. The root canals were enlarged up to size 35/0.06 in the resin blocks and up to size 40/0.06 in the extracted human teeth with ProFile Ni-Ti rotary files (Dentsply Maillefer, Ballaigues, Switzerland) by using VDW silver endo engine (VDW, Munich, Germany) under copious irrigation with 2.5% sodium hypochlorite.

The twenty-four simulated root canals and twenty-four root canals of extracted human teeth were randomly distributed into 2 groups of control and experimental. The control group used a resin sealer and the experimental group used a calcium silicate sealer.

After canal preparation, a size 35/0.06 gutta-percha cone (Diadent, Cheongju, Korea) was fitted in the canal and confirmed by eye in the simulated root canals and a size 40/0.06 gutta-percha cone was fitted in the root canals of the extracted human teeth and confirmed by digital radiographs (Vatech, Hwasung, Korea).

After irrigation with saline and drying with paper points (Diadent), the root canals were filled with a single gutta-percha cone technique. A resin sealer, AH Plus Jet (Dentsply DeTrey, Konstanz, Germany), was used in the control group and a calcium silicate sealer, Endoseal MTA was used in the experimental group. The excess material above the canal orifice was passively cut with a GP cone cutter (A Blade, Azdent, Clujnapoca, Romania).

After cleaning, the access cavity was filled with composite resin for coronal sealing. The access cavities in the resin block specimens were treated with a resin adhesive, Adper Single Bond 2 (3M ESPE, Saint Paul, MN, USA) and filled with a flowable resin (Filtek Z350, 3M ESPE) followed by an acrylic adhesive coating. In the extracted teeth specimens, the access cavities were treated with a resin adhesive, Clearfil SE Bond 2 (Kuraray, Okayama, Japan), and filled with a flowable resin in the same way as the resin block.

The specimens were scanned immediately after the root canal filling and 4 weeks later using a micro-CT scanner, Skyscan 1272 (Bruker, Kontich, Belgium) at a resolution of 12.8 μm, the source voltage of 80 kV, source current of 125 μA, and filter of Al 1 mm. After the first micro-CT scan, the samples were immersed in a tube that contained 5 mL of phosphate buffer saline (PBS) and stored in a 37˚C water-bath for 4 weeks for the second scan \[[@B13]\].

Image processing
----------------

The raw-images were reconstructed by using the NRecon ver. 1.7.3.0 (Bruker) software. The reconstructed images showed a cross-sectional view of each sample and were analyzed by CTan ver. 1.14.4.1 (Bruker). The volume of interest (VOI) was selected from the upper plane of minor constriction to 9 mm above of apical plane. A round region of interest (ROI) was set to exclude dentin and artifacts. The ROI was automatically stacked to make VOI. To make each file lighter and the image processing faster, this VOI was saved with a new dataset and reloaded for custom processing.

The thresholding process was performed to make image binarization of black and white to get a filling material image. The threshold level for the filling material in the simulated canals was 100--255, while for the filling material in the extracted teeth was 140--255. After imaging the filling material, it was copied to the ROI by the bitwise operation. The morphological operation processing, including closing, ROI, 2D space, round, radius 100, was carried out to set the ROI to a round canal shape.

The 3D analysis that includes porosity of additional value was performed to obtain the void percentage. VOIs of the coronal/middle/apical levels were obtained by dividing the long axis into 3 mm spans. The void percentage of each portion was calculated in the same way \[[@B14]\].

Statistical analysis
--------------------

To statistically compare the void percentage of each level in the simulated root canal or the human root canal, 1-way analysis of variance (ANOVA) and paired *t*-test were used under 95% significance and Tukey was used as *post hoc* (SPSS, SPSS Inc., Chicago, IL, USA).

RESULTS
=======

Distribution of the void percentage in the simulated root canals is shown in [Table 1](#T1){ref-type="table"} and the human root canal is shown in [Table 2](#T2){ref-type="table"}.

###### Void percentage after root canal filling in the simulated root canals

![](rde-45-e18-i001)

            Void (%) of Endoseal MTA   Void (%) of AH Plus Jet                    
  --------- -------------------------- ------------------------- ---------------- -----------------
  Coronal   0.18 ± 0.59^a^             0.24 ± 0.80^a^            0.09 ± 0.09^a^   0.46 ± 0.50^ab^
  Middle    0.03 ± 0.04^a^             0.02 ± 0.02^a^            0.10 ± 0.15^a^   0.22 ± 0.24^a^
  Apical    0.20 ± 0.10^a^             0.33 ± 0.39^a^            0.38 ± 0.48^a^   0.96 ± 0.64^b^
  Total     0.13 ± 0.30^a^             0.19 ± 0.40^a^            0.15 ± 0.13^a^   0.48 ± 0.35^ab^

Data are presented as mean ± standard deviation. Statistical analysis was performed by 1-way ANOVA (*p* \< 0.05) with the Tukey *post hoc* test. Different letters mean statistical differences in the same row. Four weeks later, there is a significant increase at the apical third of AH Plus Jet in comparison to immediately after the filling.

###### Void percentage after root canal filling in the extracted teeth

![](rde-45-e18-i002)

            Void (%) of Endoseal MTA   Void (%) of AH Plus Jet                       
  --------- -------------------------- ------------------------- ------------------- -------------------
  Coronal   1.52 ± 1.62^a^             1.39 ± 1.49^a^            8.69 ± 7.24^cd^     8.90 ± 7.24^d^
  Middle    1.40 ± 1.74^a^             1.32 ± 1.63^a^            6.58 ± 5.03^abcd^   6.48 ± 5.01^abcd^
  Apical    1.38 ± 0.87^a^             1.20 ± 0.68^a^            3.10 ± 3.48^ab^     3.42 ± 2.34^abc^
  Total     1.49 ± 1.29^a^             1.37 ± 1.17^a^            7.19 ± 4.87^bcd^    7.24 ± 5.02^bcd^

Data are presented as mean ± standard deviation. Statistical analysis was performed by 1-way ANOVA (*p* \< 0.05) with the Tukey *post hoc* test. Different letters mean statistical differences in the same row. Four weeks later, there is no significant difference in comparison to immediately after the filling.

Micro-CT scans taken immediately after the canal filling showed no significant differences in the void percentage at all levels between the Endoseal MTA and the AH Plus Jet groups in the simulated root canals (*p* \> 0.05). The void percentage was not significantly changed after 4 weeks at all levels of both material groups (*p* \> 0.05; [Figure 1](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"}), except at the apical level of the AH Plus Jet group (*p* \< 0.05) in the simulated root canals.

![A sample of simulated root canal filled with Endoseal MTA sealer and single gutta-percha cone (A). Scanned images at the red line level of the left sample immediately after (B) and 4 weeks after (C) canal filling. Void of the first scan (B) is seen as blue, and void of the second scan (C) is seen as red in the left 3-dimensional modeling image.](rde-45-e18-g001){#F1}

Micro-CT scans taken immediately after the canal filling showed no significant differences in the void percentage at all levels between the Endoseal MTA and the AH Plus Jet groups in the extracted human root canals (*p* \> 0.05; [Table 2](#T2){ref-type="table"}), except at the coronal level in which the Endoseal MTA group showed significantly less void percentage than in the AH Plus Jet group (*p* \< 0.05). However, after 4 weeks, the void percentage was not significantly changed at all levels of both material groups (*p* \> 0.05; [Figure 2](#F2){ref-type="fig"} and [Table 2](#T2){ref-type="table"}) in the extracted human root canals.

![A sample of extracted human root canal filled with Endoseal MTA sealer and a single gutta-percha cone (A). Scanned images at the red line level of the left sample immediately after (B) and 4 weeks after (C) canal filling. Void of the first scan (B) is seen as blue, and void of the second scan (C) is seen as red in the left 3-dimensional modeling image.](rde-45-e18-g002){#F2}

DISCUSSION
==========

The results of this study support the null hypothesis due to the insignificant differences in the void percentage immediately after canal filling in comparison with 4 weeks later. In this study, Endoseal MTA showed no significant changes in the void percentage. However, AH Plus Jet showed a slight increase of void percentage in the simulated root canal over time. Analysis of the void percentage distribution in each area indicated that the main cause of this change was the significant increase in the void percentage in the apical area of the AH Plus Jet sealer. One of the factors for this increase may be the solubility of the sealer. Since the canal-filled apex was immersed in PBS solution after 30 minutes of canal filling, the uncured resin sealer could be dissolved \[[@B13]\] ([Figure 3](#F3){ref-type="fig"}). The probable cause for the void percentage changes in the AH Plus Jet group seemed to mainly be the sealer dissolution and not sealer expansion or shrinkage. These are the limitations of this study and more studies on the methodology will be needed to simulate clinical conditions.

![A sample of extracted human root canal filled with AH Plus Jet sealer and single gutta-percha cone. (A). Scanned images at the red line level of the left sample immediately after (B) and 4 weeks after (C) canal filling. Void of the first scan (B) is seen as blue, and void of the second scan (C) is seen as red in the left 3-dimensional modeling image. The increase of void at apical area and loss of sealer can be seen at the right image a second scan (C). It is also seen at the red lines on the upper side of this image (shadow projection).](rde-45-e18-g003){#F3}

In addition to the significant void increases in the apical area of the simulated root canal, a void increasing tendency in the coronal area of extracted teeth canal was also observed in the AH plus Jet group in the present study. This is assumed to be caused by artifacts. Since the sealers are radio-opaque, some artifacts appeared in the coronal and apical areas, which were filled with a larger amount of sealer. Furthermore, AH Plus Jet is more radiopaque than Endoseal MTA \[[@B8][@B12]\]. The artifacts were more prominent in the second scan of the AH Plus Jet sealer group, in which large amounts of voids were calculated. More studies are needed to understand why some artifacts are more prominent in certain scans.

Among similar studies to the present study, one study reported a significant dimensional increase of the extruded calcium silicate sealer, MTA Fillapex (Angelus, Londrina, PR, Brazil), filled with the single gutta-percha cone technique after storage in PBS solution for 7 days \[[@B13]\]. In another study, a calcium silicate sealer, MTA Flow (University of Bologna, Bologna, Italy) filled with Thermafil (Dentsply Maillefer) was stored in Hank\'s Balanced Salt Solution for 6 months, and there was a trend of void percentage decrease over time with no significance \[[@B15]\].

According to a previous study, Endoseal MTA showed an expansion of more than 2% up to 3 weeks \[[@B8]\]. In another study, Endoseal MTA showed a 0.21% expansion 30 days later \[[@B12]\]. Although the present study did not examine the amount of expansion, some samples showed that the extruded sealer had developed cracks over time, which is thought to be related to the expansion of Endoseal MTA. However, in the present study, neither the expansion of Endoseal MTA nor the reduction in the percentage of voids could be confirmed over 4 weeks.

Nowadays, sealing ability tests are focused on visual assessment instead of the conventional leakage test. Visual assessment tests can be classified as micro-CT or microscope study. Micro-CT shows the whole canal system 3-dimensionally, but the resolution may not be sufficient to detect small voids because the filling materials are too radio-opaque. Although the microscope is more sensitive, it shows only part of the canal system and a loss of material can occur during sectioning \[[@B9]\]. It is hard to evaluate the sealing ability in an objective and reproducible manner with a microscope. The micro-CT method is increasingly being used, but there is no clearly defined and comprehensive analysis protocol \[[@B11]\].

In micro-CT studies, the materials are distinguished using threshold \[[@B9][@B10][@B11][@B16]\], and the threshold settings can be subjective. In addition, it is difficult to differentiate the canal wall from the filling material. However, it was relatively easy to distinguish the filling material alone in the present study. To overcome these difficulties, in previous studies, another micro-CT scan was taken before canal filling \[[@B11][@B12]\] or a manual ROI setting was taken on each section plane \[[@B9]\]. The first method is time-consuming and expensive, while the second method can be subjective and inaccurate. In order to obtain an objective and reproducible process, the present study established an ROI slightly greater than the filling material and used the images of the filling material to create a round canal shape using the morphological operation of CTan. This operation may not create an image that exactly matches the true canal shape in non-circular canals \[[@B14]\]. However, it could be applied to examine the differences between the first and the second scanned images of the same sample. It may have some advantages of being easier and reproducible.

A previous void percentage study using micro-CT reported that the void volume percentage of the single-cone technique was similar to that of the continuous wave of condensation technique, except for in the coronal portion of the canal \[[@B16]\]. This exception is probably because the single-cone technique is not suitable for the large coronal area. Previous reports indicate that the void percentages of the apical area were variable \[[@B10][@B11][@B15][@B16]\]. These void percentage variations of the filled root canals are thought to be due to the anatomical differences rather than the materials or technology \[[@B10]\].

Due to the large deviations in the results from the root canals of extracted human teeth in this study, it was difficult to verify the statistical significance. The average and deviation in the void percentages of the simulated root canals in the resin blocks were much less compared to those of human root canals. However, the changes in the void percentage were not much different in the simulated root canals or the human root canals.

In the extracted human root canals, the micro-CT scan taken immediately after canal filling showed significant differences in the void percentage at the coronal level, in which the Endoseal MTA group showed significantly less void percentage than the AH Plus Jet group. This difference also seemed to be due to the anatomical deviations rather than the materials. The micro-CT scan taken immediately after canal filling showed no significant difference in the simulated root canal. It could also be seen that the coronal area of the extracted human root canals had a large deviation in size.

CONCLUSIONS
===========

Under the limitations of this study, it can be concluded that Endoseal MTA does not seem to reduce the voids over time when it was used with a single gutta-percha cone technique. Further studies are required to investigate the expansion of Endoseal MTA and the quality of canal filling over a longer time compared to other types of sealers.

**Conflict of Interest:** No potential conflict of interest relevant to this article was reported.

**Author Contributions:** **Conceptualization:** Kim SK.**Data curation:** Kim JC, Kim SK.**Formal analysis:** Kim JC, Kim SK.**Funding acquisition:** Kim JC.**Investigation:** Kim JC.**Methodology:** Kim JC, Moe MMK.**Project administration:** Kim SK.**Resources:** Kim JC.**Software:** Moe MMK.**Supervision:** Kim SK.**Validation:** Kim SK.**Visualization:** Kim JC.**Writing - original draft:** Kim JC.**Writing - review & editing:** Kim SK, Moe MMK.
